INTRODUCTION
AISI 4140 steel constitutes a very important engineering material employed in the manufac-ture of many different parts and components which encompass connecting rods, conveyor rolls, hydraulic machinery shafts, hollow shafts, axles, and forming dies, ejectors, crankshafts, trim dies, guides, among others. AISI 4140 is extensively used to manufacture the components of forming tool dies such as draw ring, ejector pin. The integrity of the die cut-ting tools is essential to achieve adequate product quality. An improperly formed tool will result in inferior product shape. All these components could be subjected to conditions of sliding contact, with the material being formed, and, subjected to wear. However, as-received AISI 4140 steel exhibits poor tribological properties such as low sliding wear resistance and unstable friction characteristics. It also possesses strong adhesion when it is sliding against itself and other metals [1] . Such parts necessitate pretreatment on AISI 4140 before being put to service. Surface engineering which may include surface treatment and surface modification are generally employed to improve wear resistance of steel substrates by increasing surface hardness and minimizing adhesion (reduce friction) [2] . The present investigation has been conducted in order to study the wear behavior of AISI 4140 steel in two different conditions: as-received (4140), and plasma-nitrided (N-4140). The experiments were conducted using the technique of 'Design of Experiments' (DOE), which is implemented to discover a set of pro-cess variables which affect the process most. Statistical design of experiments is an effective method to understand and optimize any manufacturing process [3] . Full factorial experiments are the ones in which the effects of more than one factors on response are investigated. In these experiments, both the (-1) and (+1) levels of response are investigated. In general, DOE can be used to collect data from any process. Every factor is compared with each other and the effects of each of the factor levels on the response are evaluated to gain an understanding of the process through data analysis. This procedure helps to optimize the process and even-tually leads to quality improvements [4] .
Many researchers have investigated the application of DOE in the optimization of the process characteristics. Full factorial DOE has been effectively employed by numerous au-thors. For example, oxalic acid photo-catalytic degradation [5] , effects of manufacturing fac-tors on ceramic properties [6] , micro injection moulding process [7] , wire electric discharge machining [8] are few of them. Lalit Kumar et al. [9] have optimized, developed and validat-ed high performance liquid chromatographic (HPLC) method using full factorial DOE.
Wear is a system-dependent property and therefore, the wear properties depend on operating environment, load, sliding speed, material parameters, grain size and hardness [10] . Three body abrasion wear behaviour of functionally graded aluminium/B4C metal matrix composite was investigated by Radhika and Raghu [11] [16] have illustrated the use of Taguchi technique to experiment and optimize friction stir process (FSP) parame-ters in order to achieve optimized mechanical properties of AZ31B Mg alloy. Raos and Stojsic [17] have used central composite design (CCD) to determine the influence of two pro-cessing parameters: injection pressure and injection speed on tensile strength of injection moulded part and ANOVA of the response indicated injection pressure to be the most influ-ential factor. Rodzinak et al. [18] have conducted 'ball on disc' tribological tests on TiCN coated Astaloy CrL sintered steel and found substantial reduction in friction coefficient. This study has been motivated with an intention to investigate the applicability of AISI 4140 as a forming tool. In order to improve the friction and wear characterization, asreceived AISI 4140 material was plasma nitrided and then subjected to sliding friction. The actual conditions of sliding between tool and the work piece were simulated on pin-on-disc friction and wear monitor. The aim of this study is to characterize wear by developing its mathematical model in terms of control factors such as load, sliding speed, and sliding dis-tance, and to check significance of the model by using technique of 'Analysis of Variance'. The adequacy of the model has been verified using various diagnostics tools provided by 'Minitab-17' software and 'Design Expert-7' software.
MATERIALS AND METHODS
This section explains the methodology used in present work.
MATERIAL AND EXPERIMENTAL SETUP
The present investigation has been conducted with samples of an AISI 4140; its chemical composition is presented in Table 1 . This material was chosen because of its ability to be nitrided without losing its toughness. The material was provided as a bar, from which samples of 8 mm diameter and 30 mm height were cut. The ends of specimens were polished so as to achieve the surface roughness of ap-proximately 0.4 μm as specified in the standard ASTM G99-04 [19] . Prior to nitriding, the samples were polished with alumina followed by cleaning with ace-tone. The nitriding of the specimens was performed by plasma nitriding (PN) process at ∼ 540 0 C in a 75%H 2 -25%N 2 atmosphere for ∼ 30 hrs. The characterization of the nitride layer was carried out on the cross sections of the nitrided samples. Image analysis technique was used to measure nitride layer depth. Wear tests were carried out on untreated and nitrided samples. The schematic of experi-mental setup is shown in Fig. 1 . The specimens were loaded normally and slid against an EN 8 steel disc having diameter of 160 mm and thickness of 8 mm with hardness of ∼60 HRC. In order to have accuracy in the results obtained, the sliding end of the pin and the disc surface were cleaned with acetone and then dried before testing. Unlubricated wear tests were carried out at room temperature of ∼27 0 C, a relative humidity of ∼ 50%, and at 1 atmosphere pressure. The response, wear volume loss, WVL, was measured in mm 3 with the help of Linear Variable Differential Displacement Transducer (LVDT). In fact, wear of the pin, measured by LVDT in micron, was multiplied by the cross-sectional area of the pin to get WVL in mm3.The friction force, and hence, friction coefficient was determined with the help of a load cell available with the set-up. The tests were conducted according to the ASTM G99-04 [19] standard.
DESIGN OF EXPERIMENTS (DOE)
Experiments were designed according to the full factorial DOE. In full factorial experiment, responses are measured at all combinations of the experimental factor levels. This technique allows for the simultaneous study of the effects that several factors may have on response. When performing an experiment, varying the levels of all factors simultaneously rather than one at a time, allows for the study of interactions between the factors. The process parameters and their values at two levels are presented in Table 2 . The selection of process parameters' values is based on the past literature [14] . 16 . The plan of experiments consists of 16 tests (runs) arranged in rows and the three design variables, assigned to first three columns. The first column was assigned to the applied load (N), the second, to the sliding velocity (m/s), and the third column to the sliding distance (m). The response variable WVL is assigned to the fourth column. Two of the three basic principles of 'Design of Experiments' viz. 'randomization', 'replication' and 'blocking' are implemented while designing and conducting experiments. Precision of the prediction model can be increased through replication of the experiments. Replicate measurements are taken during identical conditions of process variables but at different experimental runs, which are often randomized [4] . All experiments being run under similar environmental conditions, call for no attention to 'blocking'. More number of replicates increases the number of runs, hence to achieve adequate precision and at the same time to limit the number of runs, experiments were conducted with two replicates.
Generally, all the design variables (load, sliding speed and sliding distance, in present study) with their low level (4.91N, 3.14 m/s and 500 m) would be the first experiment to be conducted. But to achieve randomization, 12th experiment with design variables at 14.72 N, 3.14 m/s and 1000 m was conducted as the first run (see column 2, Table 3 ); followed by sec-ond experiment, first experiment and so on. Readers may note the values of design variables for the second and then the third run (column 2) is for second and first experiment, respec-tively (column 1, Table 3 ) and hence all the design variables are at their low levels (4.91N, 3.14 m/s and 500 m). Likewise 15th and 16th experiment, due to two replicates, would be with all the design variables at their high level (14. 72 N, 5.23 m/s and 1000 m). To achieve ran-domization, they were conducted as fifth and eleventh run (see column 2, Table 3 ), respec-tively.
ANALYSIS OF VARIANCE (ANOVA)
Analysis of Variance (ANOVA) is a statistical method. It is used to separate the individual effects from all control factors. The percentage contribution of each control factor is employed to measure the corresponding effect on the quality characteristic. The sum of squares for the model, sum of squares for independent variables (load, speed, and sliding distance, in this case), and sum of squares due to interaction effect of the independent variables are determined using 'Design Expert-7' software. However, following steps and equations are used in 'ANOVA'.
Step 1: Eq. (1) through Eq. (3) is used to calculate 'Degrees of Freedom' (DOF).
Where N is the number of experiments.
Where m is the number of levels of the particular factor.
Where n is the number of effects included in the model. Here 'effect' means both, factors (like load, speed, sliding distance, in this study) and/or interactions (may be two-way or three-way).
The decision of inclusion of any 'effect' in the model may be taken based on statistical significance (F-value or p-value, discussed later). If there are a few terms with negligible contribution to the model in terms of sum of squares, they may be omitted from the model and converted into 'sum of squares due to lack of fit', leading to so called 'pooled ANOVA'.
Step 2: Eq. (4) is used to determine 'Sum of Squares' (SS) and then 'Mean Square' (MS) for each source of variation (factor). If calculated F-value is more than the critical value from the table (FTable), then the model term is said to be significant i.e. the considered factor is believed to affect the response. Alternately, one may use 'p-value' approach. If p-values are below 0.05, for 95% level of confidence (5% level of significance) for a perticular 'effect', the corresponding factor and/or interaction may be included in the mathematical model [20] .
Step 4: Eq. (6) is used to calculate contribution of each independent variable on the response variable. 
MULTIPLE LINEAR REGRESSION ANALYSIS
The basic goal of regression analysis is to use data to analyze relationships. A multiple linear regression is a model that has two or more independent variables. It is used to obtain mathematical model of the response variable in terms of the independent/design variables [20] . For given input in terms of design variables and corresponding output in terms of re-sponse variable, the mathematical model can be obtained using ''Minitab-17' software. How-ever, model performance and evaluation can be tested using following steps and equations. From ANOVA table, one can obtain various parameters such as 'sum of squares' (SS), 'de-grees of freedom' (DOF), 'mean sum of squares' (MS) etc. Making use of these parameters for the model, independent variables and their interactions, one can proceed to obtain various model performance measures as explained below.
Step 1: Eq. (7) calculates 'standard error' which is positive square root of the variance of the error and it is a measure of the typical size of the error.
Step 2: Eq. (8), which calculates 'Coefficient of Variation' (C.V.), is the error expressed as a percentage of the mean. Where mean,( y ) is the average response, as given by Eq. (9):
Where Yi are responses obtained for all the experimental runs.
Step 3: 'Total sum of squares' (SS Total ) can be broken into two parts: i) part which is explained by the model (SS Model ) and ii) part which model is unable to explain (SS Residual Step 5: PRESS, 'Predicted Residual Sum of Squares', is the measure of how well a model fits each point in the design. The coefficients for the model are calculated without considering each data point and then squared errors are summed to give PRESS [20] . Eq. (12) gives value of PRESS. e PRESS (12) Step 6: 'Predicted R-Squared', (R 2 Pred ) which is the measure of amount of variation in new data explained by the model [20] , is given by Eq. (13) . 
RESULTS AND DISCUSSIONS EXPERIMENTAL RESULTS
The values of response, WVL, observed at various runs of the designed experiments for the two materials under investigation, AISI 4140 and PN 4140, are recorded in Table 3 . 
MICROSTRUCTURAL CHARACTERIZATION OF WEAR
A cross sectional SEM micrograph of untreated AISI 4140 and that of PN treated 4140 specimen is shown in Fig. 2 (a) and 2(b) respectively. Fig 2(a) illustrates typical microstructure of the AISI 4140 steel employed in the present work. Plasma nitriding of the steel substrate gave rise to the development of a nitride layer. The cross sectional SEM micrograph ( Fig. 2(b) ) reveals that the average thickness of the PN layer was ∼45 μm. Compared to untreated substrate, PN treated substrate showed improved sliding wear resistance, which can mainly be attributed to the higher substrate hardness. Ni-trogen observed on the surface supports the formation of Cr-and Fenitrides on the surface. The N-4140 specimen (Fig. 4 ) also displays mild abrasive wear mechanism. However, the presence of segregated Si and C, on the surface helps to reduce friction and hence wear [1] . 
ANALYSIS OF VARIANCE
After conducting tests, statistical analysis for WVL for 4140 was conducted using 'Design Expert 7' software to find the effect of each factor, influential interaction and percentage contribution of each of them.
Step 1: Eq. (1) calculates total degrees of freedom of the experiments:
Step 2: Eq. (2) calculates 'degrees of freedom' for individual factors in the model. As all the factors are 2-level factors,
Step 3: Eq. (3) calculates degrees of freedom for the model. Table 4 . It has been observed that sum of squares for the terms C, AC, BC, and ABC is very small and hence those terms can be omitted from the model and converted into 'sum of squares due to lack of fit' (which is zero, at present), leading to so called 'pooled ANOVA'. However, the 'Half normal effects plot' is a more consistent tool. Fig. 5 shows 'Half normal effects plot' (obtained from Design Expert-7) which helps selection of the significant factors. Table 4 . Hence the terms with significant effect on the response i.e. A, B and AB are selected to represent the proposed model for which 'Pooled ANOVA' is presented in Table 5 . Fig. 6 , which suggests that A, B, and AB have significant effects, being away from straight line. Such effects are larger and go further away from straight line than unimportant effects. By default, 'Design Expert-7' labels any effect that is significant at 95% level of confidence.
Selection of significant effects is further supported by 'Pareto chart' (obtained from Design Expert-7) as shown in Fig.  7 . A 'Pareto chart' of the effects compares the relative magnitude and the statistical significance of both main and interaction effects. As shown in Fig. 7 , 'Design Expert-7' plots the factor effects in decreasing order of the absolute value of the effects. As evident from 'Pareto chart', the variables with effects that are above the 'Bonferroni Limit' are certainly significant and the effects that are above the t-value limit are possibly significant (Design Expert-7). The results in Fig. 6 confirm the results displayed in Fig. 7 as the only three factors have passed the reference line, and factors A and B having much larger effect than interaction effect AB. Step 5: Eq. (5) is used to conduct the 'Test of Significance' and to determine the F-Statistic. As F Model > F Table ( 3.49) at 5% level of significance [17] , the proposed model is said to be significant. Also F-values for the independent variables included in the proposed model (A, B, and AB) are greater than F Table , (See Table 5 ), the corresponding terms are said to have significant effect on the response variable. As F Model > F Table , the model is observed to be significant. Moreover, p-values below 0.05 indicate that the model & model terms are significant at 5% level of significance or 95% level of confidence. It can be observed that p-values for A, B, and AB are less that 0.05, and hence these factors have significant effect on the response. The performance and evaluation of the proposed model can be verified using steps mentioned in section 2.4. Following the steps mentioned in 2.4 and equations (7) gives better idea about significance of the model. R2Adj actually decreases if insignificant terms are added to the model [20] . Table 6 presents 'Pooled ANOVA' of the model of WVL for N-4140. Regression statistics of all the three models discusssed above is presented in Table 7 . Fig. 8 shows 'Main effects plot' for WVL (obtained from 'Minitab-17'), for untreated 4140. The main effects plot reveals the basic effect of changing the significant factors from lower to the higher level. These one-factor effects are called main effects. As evident from the plot, bigger main effect is depicted by a line with steeper slope compared to the effects contributed by less significant factors. Main effects are calculated by subtracting the mean response at the low level of the factor from the mean response at the high level of the factor. It can be seen from Fig. 8 that changing load from level 1 to 2 has a bigger main effect than changing speed. However, sliding distance has negligible effect on WVL (due to lower slope). ). An interaction plot depicts the effect of two interacting factors that changing the settings of one factor has on another. Close to parallel lines indicate little or no interaction between the factors. Intersect-ing lines suggest an interaction. The degree of interaction is proportional to the angle of intersection, i.e. close to 90° portrays the strongest possible interaction. Fig. 9 clearly reveals sig-nificant interaction between load and sliding speed. To check applicability of the model, confirmation experiments were conducted and the results are presented in Table 8 . 
DIAGNOSTICS
How well the model satisfies the assumptions of the ANOVA such as normality, constant variance etc. for valid statistical conclusions, can be tested and verified using 'model diagnostic plots'. Normality of the data was tested by means of normal probability plot. It is the plot of the cumulative distribution of the residuals on the normal probability paper. Fig. 10(a) shows 'Normal probability plot', which reveals that the residuals are falling on straight line. This means, errors distributed normally.
As evident from the plot, the points follow a straight line which is an indication of normal distribution (Design Expert-7). One may observe moderate scatter even with normal data. 'Residuals versus predicted plot' is shown in Fig. 10 (b). It shows variation of the residuals versus the ascending predicted response values. This plot tests the assumption of constant variance and ideally the plot should be a random scatter with residuals within ± 3σ limits (Design Expert-7). It is clear that the data points are structurelessly distributed. This indicated that variance constancy and error independency are valid. For this experimental data, stand-ard deviation (σ) is 0.05, i.e. ± 3σ = ±0.15. From the plot, it is evident that all residuals (ex-cept an outlier) lie within ±0.15 (± 3σ).
To check for any lurking variables that may have influenced the response during the experiment, the plot of 'Residuals versus run' is used. Moreover, independence of the data was tested by plotting a variation of the residuals against the run order (Fig.  10d ) which confirms that there was no predictable pattern observed because all the run residues lay on or between the levels. Ideally it should show a random scatter. Two of the three basic principles of DOE; blocking and randomization, provide insurance against trends ruining the analysis (Design Expert-7). From the above discussion, the ANOVA assumptions such as error normality, error independency and variance constancy are proved to be valid and hence the inferences based on its table are valid. Fig. 11(a) to 11(d) show corresponding plots for N-4140, which clearly indicate that the assumptions of ANOVA are validated. 
CONCLUSIONS
In the present work, an attempt has been made to study the effect of plasma nitriding on dry sliding wear behavior of AISI 4140 steel using pin on disc experimental setup. Based on the experimental results and statistical analysis, the following important conclusions are derived from this investigation.
• The full factorial DOE method for the design of the experiments is successfully adopted to describe the dry sliding wear behavior of as received AISI 4140 and PN treated AISI 4140 steel. Empirical linear regression equations are developed for 4140 and PN 4140 with R 2 above 90%, for predicting the wear volume loss within the se-lected set of experimental conditions.
• Regression models were developed to predict the WVL for various load, sliding speed and sliding distance without requiring experimental tests. The mathematical model derived for 4140 is WVL = 0.003 + 0.0519 Load + 0.1408 Speed -0.00727 Load x Speed And the corresponding mathematical model for N-4140 is WVL=0.0630+0.04207 Load + 0.1161 Speed + 0.000050 SD -0.00512 Load x Speed The validity of the models developed was experimentally proved with confirmation run experiments.
• In case of 4140, load has 56% effect on WVL, followed by speed (26%) and interac-tion of load and speed (7%). In case of N-4140, load has 63% effect on WVL, fol-lowed by speed (29%) and interaction of load and speed (4%). • Further, a step by step approach of using ANOVA and diagnostics tools to check ade-quacy of the proposed model, has been illustrated. ANOVA analysis test was con-ducted to determine the significance of each process parameter on the WVL. It has been found that load has the strongest statistical influence followed by sliding speed and the interaction of load and sliding speed, on WVL.
• Results of SEM microscopy confirm the reduction in WVL in case of N-4140. Mor-phology of wear track in case of N-4140 confirms the presence of nitrogen in the form of Fe-and Crnitrides which ultimately leads to reduced wear.
• This study has also illustrated the use of diagnostics tools to check the adequacy of the predicted model in terms of assumptions of ANOVA such as error normality, error independency and variance constancy.
